[1] On the basis of experimental results, we propose a new friction law aiming at describing the mechanical behavior of thick gouge layers. As shown in the companion paper, the dominant effect to take into account is a significant slip-weakening process active over decimetric slip distances. This slip weakening is strongly nonlinear and, formerly, does not involve any characteristic length scale. The decrease of the gouge friction coefficient m with imposed slip d is well modeled by a power law: m = m 0 + ad Àb , with b = 0.4. On this major trend are superimposed second-order velocity-weakening and time-strengthening effects. These effects can be described using classical rate-and state-dependent friction (RSF) laws and are associated with a small length scale d c % 100 mm. Consistent with the general RSF framework, we combine slip-weakening and second-order effects in a slip, rate, and state (SRS) friction law with two state variables. We then compute the fracture (or breakdown) energy G c and the apparent weakening distance D c app associated with the slip-weakening process. Once extrapolated to realistic ''geophysical'' confining pressures, the obtained values are in excellent agreement with those inferred from real earthquakes: G c % 5 Â 10 6 J m À2 and D c app % 20 cm. We also find that fracture energy scales with imposed slip in our experiments:
Introduction
[2] Real faults generally consist of complex tridimensional interfaces comprising thick, metric layers of cataclastic gouge and damaged rocks [e.g., Chester et al., 1993; Chester and Chester, 1998; Micarelli et al., 2003] . In modeling studies, however, these thick structures are usually treated as perfectly thin interfaces, and their mechanical properties reduced to an effective friction law [e.g., Campillo et al., 2001; Aochi et al., 2002; Uenishi and Rice, 2003; Lapusta and Rice, 2003] . The role of the friction law is to prescribe the evolution of the fault effective coefficient of friction as a function of relevant physical parameters: slip, slip rate, asperity status, fault history, fault morphology, etc. In particular, the friction law should be able to describe the physical mechanisms responsible for fault weakening during initiation and development of seismic instabilities (earthquakes).
[3] Two principal forms of friction laws coexist in the literature: rate-and state-dependent friction (RSF) laws and slip-weakening laws. In RSF formulation, friction depends on the slip rate and on a set of variables characteristics of the ''state'' of the frictional interface [e.g., Marone, 1998a; Scholz, 1998 ]. This type of laws has been formulated on the basis of numerous experimental results, and appears to be applicable for a wide range of materials [Dieterich, 1979; Ruina, 1983; Dieterich and Kilgore, 1994] . On the other hand, slip-weakening laws prescribe that the coefficient of friction essentially depends on slip displacement [e.g., Palmer and Rice, 1973] . Slip-weakening laws are less frequently used than RSF laws in the context of laboratory friction experiments (see, nevertheless, Ohnaka and Shen [1999] ). However, owing to their relatively easy numerical implementation, slip-weakening laws are commonly employed for earthquake modeling.
[4] RSF and slip-weakening laws are frequently considered as competing [e.g., Ohnaka, 2003] . It is true that the most classical RSF law, namely, the Dieterich-Ruina law, describes processes that are purely time-and velocitydependent. It is thus unable to account for slip-dependent mechanisms. However, as shown by Cocco and Bizzarri [2002] , Dieterich-Ruina law reduces to an effective slipweakening law during a single rupture event [see also Okubo and Dieterich, 1984] . Furthermore, the general RSF formulation is highly flexible, and can easily be cast to include, for instance, true slip-weakening processes [e.g., Nakatani, 1998 ]. Hence, in principle, RSF and slip-weakening formulations are not incompatible.
[5] In the companion paper by Chambon et al. [2006a] , we report on experiments conducted with an annular simple shear apparatus (ACSA) that allows us to shear 10-cm-thick granular samples over plurimetric slip displacements. The response of synthetic gouge samples (0.6 or 1 mm angular quartz sand) in this setup is dominated by a significant slipweakening behavior active over decimetric slip distances. Surprisingly, this slip weakening proved independent of gouge grain size (at least in the diameter range that we investigated). We checked carefully that it does effectively constitute a rheological property of the gouge, and is not affected by the particular geometry of our setup. Microstructural observations reveal that this slip weakening is probably caused by a slow mechanical decoupling between the shear band and the rest of the material. Hence the use of thick gouge samples appears as a critical condition for this slip weakening to occur (at least for the ranges of confining stress and slip velocity used in our experiments).
[6] In the present paper, our objective is to derive an empirical friction law capable of accounting for this slipweakening behavior. We begin by providing a mathematical modeling of the slip-induced friction decrease. We then discuss the existence of two distinct second-order effects influencing sample strength. All these properties are then integrated into a generic friction law, formulated according to the RSF framework. Finally, we compare the predictions of this law to seismological data (in terms of dissipated fracture energy and apparent weakening distance). Note that all the experimental results discussed below have been obtained with 1 mm sand.
Power Law Slip Weakening
[7] We have shown in the companion paper [Chambon et al., 2006a] that the slip-weakening process active in our experiments is reversible. It can be virtually reset by socalled ''restrengthening events'' (namely, sense changes or shear stress releases), and reproducibly repeats during shear phases following these events. Accordingly, the relevant variable to describe this slip weakening is partial slip d p , defined as the amount of slip undergone by the sample since the last restrengthening event. The connection between real faults and these notions of restrengthening events and partial slip is discussed in section 6.
[8] Figure 1 shows that the postpeak decrease of shear stress t with partial slip d p follows a linear path in log-log coordinates. This property appears particularly evident during initial shear phases (IS): the linear decrease can then be observed over more than 2 slip decades. Though generally over a smaller range of scales, the same feature is exhibited by all the shear phases that we conducted, regardless of the preceding shear history applied to the sample. The slip-weakening process can thus be modeled by a power law of the form
where t r represents the asymptotic shear stress value, d 0 is the particular displacement for which the law is singular, and a and b are two parameters. Remarkably, the exponent b appears to be systematically equal to 0.4 ± 0.05 for all the studied shear phases (Figure 1 ). Hence this exponent appears characteristic of the slip-weakening process.
Currently, we have not found any satisfactory micromechanical explanation for the particular value of b (nor for the values of the other parameters involved in expression (1)).
[9] The asymptotic shear stress t r does also remain approximately constant for all the studied shear phases (at constant confinement s e ): t r % 0.2 MPa for s e = 0.5 MPa [see also Chambon et al., 2006a, Figure 7] . On the contrary, nonlinear fitting of our data show that the parameters a and d 0 do vary with the considered phase. In particular, d 0 , which is systematically negative, tends to decrease when the total cumulative slip d cum undergone by the sample increases. (However, no clear trend is observed, probably due to experimental noise). For potential users of our law, in Figure 2 we quote typical values of a and d 0 applicable to the case of an initial shear phase. Note finally that the singularity for d p = d 0 in expression (1) does not constitute a limitation, since it always remains outside the validity domain of the power law (d 0 < 0 while the law only applies after stress peak, i.e., for d p > 5 -20 mm).
[10] As shown in Figure 2 , power law (1) provides a very accurate representation of the observed slip-weakening process, including in the immediate vicinity of the shear stress peak. Comparison between Figures 2a and 2b also illustrates the multiscale feature of the slip-weakening process. The progressive decrease of shear stress is extremely slow and prolongs over very large quantities of slip. From a formal standpoint, a power law such as (1) is scale invariant, i.e., it does not involve any characteristic slip ). The type of the phases is labeled as in the companion paper [Chambon et al., 2006a] : IS, initial shear phase; SD, shear phase following a prescribed shear stress release; SR, shear phase following a change of the shear sense. For the sake of clarity, the three types of shear phases have been artificially separated on the plot (vertical translations). Cumulative slip d cum undergone by the sample at the beginning of the different phases is given in legend. The values of t r and d 0 used for each phase are different, and were obtained from a power law fit using expression (1). Goodness of this fit is illustrated by the dashed line with slope À0.4.
scale. Such a scale invariance is consistent with the observation that slip weakening is independent of gouge grain size [see Chambon et al., 2006a] . As we explain in section 5, this property of scale invariance also has fundamental implications regarding in particular the apparent fracture energy dissipated by the slip-weakening process.
Rate and Time Effects
[11] In terms of magnitude, the major slip-weakening process represents by far the dominant effect in our experiments. Nevertheless, the frictional strength of our synthetic gouge samples appeared to be also sensitive to other parameters such as slip speed and hold time. Several conventional velocity-stepping and slip-hold-slip tests [e.g., Marone, 1998a] have been conducted, whose results are presented in Appendix A. Here, we only recall that these experiments allowed us to detect two second-order processes, namely, a velocity-weakening behavior and a time-strengthening behavior.
[12] Such rate and time dependence of frictional strength is a common observation when investigating the response of rock-rock interfaces or of thin gouge layers sandwiched between rock blocks [e.g., Dieterich, 1979; Marone et al., 1990; Beeler et al., 1996; Mair and Marone, 1999] . It is generally interpreted in the framework of classical rate-and state-dependent friction (RSF) laws [Marone, 1998a] . However, rate-and state-dependent behaviors are rarely reported in experiments involving thicker granular samples, either in the soil mechanics or in the granular physics communities [Hungr and Morgenstern, 1984; Groupement de Recherche Milieux Divises, 2004] . Let us nevertheless mention the recent studies of Tika et al. [1996] , Karner [2002] , and Coste [2004] . These authors report on the shearing of thick granular samples in rotary and triaxial setups, and do evidence a shear rate influence comparable to our results.
[13] In our case, and despite the large thickness of our gouge samples, it appears that both the velocity and the time dependences that we observe are consistent with the predictions of classical RSF friction laws (see Appendix A). Even the values of the RSF constitutive parameters appear in good agreement with previous gouge friction studies [Marone, 1998a] . We find that the RSF characteristic slip scale d c is of the order of 100 mm, and that the velocityweakening parameter B À A is of the order of 10 À2 .
4. An Extended Rate-and State-Dependent Friction Law: SRS Friction Law
[14] Though consistent with the second-order velocityweakening and time-strengthening effects that we report, classical RSF laws are unable to account for the dominant effect in our experiments, that is for the major slipweakening process. In what follows, we thus propose an extended rate-and state-dependent formulation, the slip, rate, and state (SRS) friction law, that is appropriate to describe all our results.
[15] When applied to granular gouges, the general RSF theory developed by Ruina [1983] states that internal friction m depends on slip velocity v and on a set of state variables. The classical Dieterich [1979] law involves a small number of such state variables Q i , typically one or two. These are usually considered as representative of the intergranular contact state or of the consolidation state of the gouge [e.g., Sleep, 1997] . In Dieterich law, all the state variables Q i generally play similar roles and are governed by similar evolution equations [see also Gu et al., 1984; Tullis and Weeks, 1986] . Several authors, however, proposed to complement Dieterich law with supplementary, specific state variables in order to account for additional effects like thermal weakening, slip weakening, etc. [e.g., Blanpied et al., 1998; Nakatani, 1998 ].
[16] Here we follow this framework and introduce a specific state variable L to describe the slip-weakening process observed in our experiments. We propose the following SRS friction law:
In the above expression, the logarithmic velocity dependence and the state variable Q are the usual Dieterich [1979] terms. They account in particular for the secondorder velocity-weakening and time-strengthening effects. Among the various expressions proposed in the literature to govern the evolution of Q, the most widely used is Ruina's [1983] aging law:
As already mentioned (see Appendix A), we checked that this law indeed provides an accurate fit of our velocitystepping results. [17] Regarding the new state variable L, its evolution equation directly derives from power law (1):
Àb , and hence
where C is a new constitutive parameter complementing the two classical RSF parameters A and B, and d ? is a normalization factor. The proportionality between the time derivative of L and the absolute velocity jvj is the hallmark of the slip-induced character of the ongoing process. We also note that since b > 0, equation (4) has an evident fixed point: L ss = 0. However, unlike for the classical variable Q [Ruina, 1983; Gu et al., 1984] , linearization is not possible around this fixed point. This reflects the absence of a characteristic distance in the way L approaches its steady state.
[18] To render its physical meaning more straightforward, the state variable Q in expression (2) is frequently replaced by an auxiliary variable q according to Q = Bln(q/q ? ). This new variable evolves following
and corresponds to an average contact time between two asperities of typical size d c [Ruina, 1983] . Similarly, we may define, instead of L, a new variable l = d p À d 0 which is directly representative of the partial slip undergone by the interface. It is governed by the evolution equation:
268 Finally, the SRS friction law (2) can be rewritten in terms of these new variables:
[19] Both equation sets (2) - (3) - (4), and (7) - (5) -(6) constitute comprehensive friction laws. They can be used to compute the postpeak evolution of the friction coefficient m during a given shear phase. In its current form, our SRS friction law does not directly account for the restrengthening mechanisms induced by sense changes or shear stress releases. As a consequence, one should ''manually'' prescribe the initial value l i of the state variable l at the beginning of each considered shear phase. Typically, l i is of the order of 10 mm for an initial shear phase (Figure 2 ), and of a few hundreds of mm for phases following restrengthening events (it increases with cumulative slip d cum ). The values of the other constitutive parameters are given in Table 1 . Recall that C does depend on the considered shear phase (and hence on the whole sample history). Nevertheless, this slip-weakening coefficient remains systematically much larger than the velocity-weakening coefficient B À A.
Weakening Parameters
[20] In seismological studies, the weakening of friction during earthquakes is usually quantified in terms of two linked parameters: the fracture energy G c and the characteristic weakening displacement D c . To examine whether our laboratory results could be extrapolated to real faults, we compute below the values of G c and D c associated with the dominant slip-weakening process of our experiments.
Apparent Fracture Energy
[21] The fracture (or breakdown, see Tinti et al. [2005] ) energy G c corresponds to the specific energy dissipated in excess of the frictional work during a weakening process. In our case, it can be easily computed for each shear phase by integrating the t versus d p relationship [Rice, 1980; Ohnaka, 2003] :
where d f represents the partial slip at the end of the considered shear phase and
[22] Figure 3a shows that the fracture energy G c dissipated during a shear phase increases linearly with the applied confining pressure s e . This behavior was expected since shear stress t itself does vary linearly with s e for all values of partial slip d p [Chambon et al., 2002 [Chambon et al., , 2006a ]. As we demonstrate in section 5.3, G c also depends on the amount of slip imposed during the considered shear phase. For a 0.6-m-long shear phase with s e = 0.5 MPa, we find G c % 2 Â 10 4 J m À2 (Figure 3a) . With the same confining pressure but for a 1.5-m shear phase, we find G c % 5 Â 10 4 J m À2 .
Apparent Characteristic Weakening Displacement
[23] The characteristic displacement D c represents the typical amount of slip required by a weakening process to complete. As already mentioned, the power law slip weakening evidenced in our experiments does not involve any characteristic slip scale. Hence only apparent weakening displacements can be defined. For instance, from plain observation of Figure 2a , we can estimate that most of the strength drop during a 1.5-m shear phase occurs over D c % 50 cm. More quantitatively, an apparent weakening dis- Figure A2 ). The coefficient C has been computed from a (see section 2) by taking l ? = 10 mm and s e = 0.5 MPa. We give both the value appropriate for initial shear phases and the range of values obtained for phases which follow restrengthening events (in parentheses).
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where d peak represents the partial slip at the peak of the t versus d p curve. Fracture energy is denoted G 0 c in (9) because, rigorously, it has to be computed between d peak and d f , and not between d i and d f as in expression (8).
[24] Figure 4 shows that unlike the fracture energy, the apparent weakening displacement D c app is roughly independent of the applied confining stress s e . This feature might break down at very low confining stress (s e < 0.2 MPa), but additional data would be needed to confirm this point. On the contrary, and as expected, the apparent weakening displacement does depend on the imposed amount of slip: We find D c app % 14 cm for 0.6-m-long shear phases (Figure 4) , and D c app % 25 cm for 1.5-m-long shear phases. and D c found in the lab, and those inferred for real faults. The process of friction weakening active on faults during earthquakes can be inverted from seismological records using various methods. Owing to resolution issues, these inversions generally yield better constraints on the fracture energy G c than on the characteristic weakening displacement D c [Guatteri and Spudich, 2000; Spudich and Guatteri, 2004; Piatanesi et al., 2004] . For large earthquakes (slip > 1 m), however, all the existing studies seem to converge to values of G c in the range 10 6 -10 8 J m À2 , and to values of D c in the range 0.5-1 m [Aki, 1979; Ide and Takeo, 1997; Bouchon et al., 1998; Peyrat et al., 2001; Ampuero, 2002; Ohnaka, 2003; Mikumo et al., 2003; .
[26] In contrast, the characteristic length scales generally found in experimental friction studies lie in the range 10 À3 -1 mm [Marone et al., 1990; Beeler et al., 1996; Ohnaka and Shen, 1999] . Care should be taken since the values reported in most of these studies actually correspond to the characteristic distance d c estimated in the framework of classical RSF laws. The associated weakening displacement D c can be up to 10-20 times larger, and even more in the presence of fluid and thermal effects [Cocco and Bizzarri, 2002; Bizzari and Cocco, 2003 ]. Still, several orders of magnitude systematically separate experimental and seismological estimates of D c . Similarly, the dissipated fracture energy G c reported in previous friction experiments never exceeds 10 1 -10 2 J m À2 (for studies conducted under high confining stresses), far smaller than seismological data [Li, 1987; Abercrombie and Rice, 2005] .
[27] On the contrary, the new slip-weakening process evidenced in our experiments compares fairly well with app (calculated from the fracture energy using expression (9)) as a function of the applied confining stress. The points correspond to the same 0.6-m-long shear phases as those presented in Figure 3 . Error bars are estimated using two independent realizations of each shear phase. Unfortunately, we only have one exploitable shear phase for the atypical point corresponding to s e = 0.2 MPa. As a consequence, the significance of this point cannot be assessed (question mark). seismological data ( Figure 5 ). The apparent characteristic weakening displacement D c % 20 cm is much larger than in previous experimental studies, and fully consistent with values inferred for large earthquakes. The value of fracture energy, G c % 10 4 J m
À2
, is also much larger than in previous studies, but yet a little lower than seismological data. Recall however that our experiments were conducted at very low confining stress s e , while G c proved to be strongly dependent on this parameter. We thus performed the exercise of extending the linear relationship displayed in Figure 3a toward a realistic confinement level s e = 100 MPa. Interestingly, this yields a value of G c = 5 Â 10 6 J m À2 which is fully consistent with seismological inferences (Figure 5) . Obviously, such an extrapolation of our results is highly speculative, and further work would be needed to check that the power law slip-weakening mechanism effectively remains active at high values of s e (see also section 6). Nevertheless, we believe that the agreement found at this stage between our laboratory results and seismological friction data is remarkable [see also McGarr et al., 2004] .
Scaling Laws
[28] Also interesting is the comparison between the scaling properties predicted by our friction law and those inferred from seismological data. Because of the multiscale feature of the slip-weakening process observed in our experiments, both the fracture energy G c and the characteristic weakening displacement D c continuously evolve with partial slip d p . Integrating power law (1), one finds the following scaling relationship between G c and d p (in the limit d p ! 1):
where z = 1 À b = 0.6. The same relationship also holds for the apparent weakening displacement D c app :
Accordingly, neither G c nor D c should be regarded as intrinsic material parameters in our experiments. The values reported in Figure 5 only represent apparent weakening parameters appropriate for the case d p % 1 m.
[29] Similarly, various seismological studies have indicated that fracture energy G c on real faults does not behave as a material parameter. From a wide data compilation, Ide and Beroza [2001] showed that the energy radiated by earthquakes is roughly proportional to the seismic moment M 0 over more than 14 orders of magnitude in M 0 . Together with the classical results that earthquake stress drop and apparent stress are independent of M 0 [Abercrombie, 1995; Ide et al., 2003] , this observation implies that the fracture energy should be roughly proportional to earthquake slip s: G c $ s. In an independent study, Abercrombie and Rice [2005] directly evaluated the fracture energy of various earthquakes, and ended up with a similar, though slightly different, scaling relationship: G c $ s 1.3 . This value of 1.3 for the scaling exponent is also supported by the results of . A recent study by Tinti et al. [2005] suggests that this exponent might even be larger (close to 2).
[30] Hence, just as in our experiments, the fracture energy inferred from real earthquakes displays multiscale properties and increases significantly with total slip. This result strongly contrasts with the predictions of classical RSF laws, for which G c and D c essentially constitute material parameters [e.g., Marone, 1998a; Madariaga and Olsen, 2002] . Furthermore, we note that the scaling relationships deduced from seismological data are similar to that derived from our experiments (see equation (10)). (We implicitly assume here that partial slip d p is analogous to fault slip s, which is discussed in section 6.) One could argue that our experimental scaling exponent z = 0.6 is lower than the seismological values, generally comprised in the range Ohnaka [2003] , is a compilation of both experimental data (coming from various friction and fracture studies) and seismological inversions. We added two points to the original figure: the raw data point representing our experimental data with s e = 0.5 MPa (''ACSA raw result''), and the data point obtained when extrapolating our results to a realistic geophysical confinement level s e = 100 MPa (''ACSA extrapolated result'').
1.0-1.3. It is not clear to us whether this difference really entails a physical meaning, or whether it could be attributed to the insufficient resolution of earthquake inversions. The precise value of the error bar attached to seismological estimates of z is difficult to assess. We have checked, however, that a scaling exponent of 0.6 would be reasonably compatible with the data presented by Abercrombie and Rice [2005] [see also Chambon et al., 2005] .
Discussion: Extrapolation of Our Results to Real Faults
[31] Section 5 shows that our results represent a significant breakthrough in the prospect of bridging the quantitative gap between laboratory and seismological friction data. Not only our experiments give rise to fracture energies and characteristic weakening displacements consistent with seismological inferences, but they also reproduce the scaling relationships observed between these parameters and earthquake size. Can we conclude from this spectacular agreement that the friction weakening mechanisms along real faults are of the same type than in our samples?
Analogy With Faults
[32] Let us first examine the conditions leading to the appearance of large-scale slip weakening in our experiments. As explained in the companion paper [Chambon et al., 2006a] , the most critical ingredient is the use of thick gouge samples. Slip weakening is strongly related to the existence of a thick bulk zone surrounding the shear band, and to the mechanical coupling between these two structures. The second important condition is that the gouge layer should have underwent a perturbation sufficiently strong to erase any influence of previous shear episodes. In our experiments, such perturbations are achieved through so-called restrengthening events, namely, changes of the shear sense or relaxations of the shear stress.
[33] Turning now to real faults, we recall that they generally comprise cataclastic and damage layers whose thickness can reach hundreds of meters [Chester et al., 1993; Sibson, 2003] . Furthermore, we show in another paper [Chambon et al., 2006b ] that the structuring of our sheared samples strikingly resembles that of real fault zones. The restrengthening events imposed in our experiments do not have evident analogues on the field. Nevertheless, numerous processes active during the stopping phase of earthquakes as well as during the interseismic period probably contribute to disturb and ''reset'' the gouge structure. We think for instance to dynamic shaking due to still-slipping patches, to chemical cementation, or to interseismic creep. Accordingly, postulating that the slip-weakening process active in our experiments might be active also on real faults appears quite reasonable. One could argue that our sand samples are far from being representative of real gouge (monodisperse size distribution, no cohesion, no fluid). To us, this material constitutes nevertheless a good first ''approximation'' to account for the complexity and heterogeneity of natural materials.
Open Questions
[34] In spite of the above considerations, a direct extrapolation of our results to real faults would still remain debatable. The main questions arise from the relatively ''gentle'' conditions at which our experiments are conducted. The confining pressure, first, is very low compared to realistic, geophysical values (in the range 10-100 MPa). We may argue that since the slip-weakening mechanism in our experiments primarily depends on the structuring of the thick gouge layer, it should remain active at higher confinement levels. However, this point clearly deserves to be properly investigated. We are aware, in particular, that some studies reported a transition from strain-softening to strainhardening behavior with increasing confining pressure in sandstones and sand samples [Wong et al., 1997; Karner et al., 2003] . Such results could suggest, on the contrary, a progressive disappearance of our slip-weakening process at high values of s e . None of these studies, however, prolonged over sufficiently large slips to be compared to ours.
[35] Second, the slip velocities imposed in our experiments are orders of magnitude below those characteristic of seismic rupture (around 1 m s À1 ). As frequently pointed out, it is likely that high slip velocities initiate various specific weakening processes involving, for instance, rock melting, off-fault damage, or thermal pressurization [e.g., Tsutsumi and Shimamoto, 1997; Lapusta and Rice, 2003; Andrews, 2005; Cocco, 2006a, 2006b ]. We note however that a significant slip-weakening effect, apparently very similar to ours, has recently been reported at higher but still subseismic slip speeds (up to 100 mm s À1 ) in rock-rock friction experiments [Goldsby and Tullis, 2002; Di Toro et al., 2004] . This was interpreted as resulting from the formation of a lubricating layer of ultracomminuted gel along the frictional interface. We do wonder, however, whether a mechanism similar to what happens in our experiments, namely, the formation of a relatively thick damaged layer around the frictional interface, could also be relevant. In this case, the similarity between the aforementioned results and ours would suggest that the slipweakening process of our experiments may remain active, and presumably dominant, during at least the whole nucleation phase of earthquakes.
[36] Finally, let us also mention the particular, annular geometry of our experimental setup. In the companion paper [Chambon et al., 2006a] , we explicitly checked that the mechanical response of the samples was unaffected by potential artifacts such as development of hoop stresses. We also showed that the slip-weakening process was independent of gouge grain size. However, we cannot exclude that our results are dependent on some internal length scale of the setup, like the inner cylinder radius for instance. This possible scale dependence would need to be investigated in detail prior to extrapolating our friction law to fault scale. Recall however that our slip-weakening process does not involve any characteristic scale. Hence any first-order scale dependence would at most concern the prefactors of our friction law (typically, the parameter C in equation (7)).
Use of Nonlinear Slip-Weakening Laws
[37] Because of all these open questions, it would certainly be premature to conclude that friction weakening along real faults is caused, as in our experiments, by a process of mechanical decoupling inside the gouge layer. Let us just say that given the excellent agreement between B09309 CHAMBON ET AL.: FRICTION OF THICK GOUGE SAMPLES, 2 our results and seismological data, this mechanism represents a good candidate. In addition, and regardless of the underlying physical mechanisms, we also believe that the form of friction law derived from our experiments (namely, a strongly nonlinear law devoid of any characteristic slip scale) appears very promising for earthquake modeling. The use of such slip-weakening laws has already been advocated by a few authors on the base of purely seismological considerations [Abercrombie and Rice, 2005; Ampuero, 2002; Rice and Cocco, 2006] . Subtle differences exist between the various formulations already proposed in the literature and ours, regarding for instance the values of the power law exponents (see section 5.3) or the existence of an asymptotic shear stress level for large slip. From a general perspective, however, all these laws share common properties which could instigate deep changes in our understanding of earthquake mechanics. For instance, since they involve a whole hierarchy of length scales, these laws could provide a framework to understand the complexity of earthquake distributions on faults, a longstanding difficulty with classical friction laws [Ben-Zion and Rice, 1997; Shaw and Rice, 2000] . Because of the absence of a characteristic frictional length scale, these laws could also have important effects on the modeling of the nucleation phase [Campillo and Ionescu, 1997; Ampuero et al., 2002; Uenishi and Rice, 2003] .
[38] To finish, we want to insist that accounting for a slow slip-weakening process in the friction law is not necessarily incompatible with more classical RSF effects. On the contrary, both slip weakening and Dieterich-Ruina terms coexist in expression (2). Such a coexistence will undoubtedly induce further complexity in the earthquake nucleation process, with presumably dominating RSF mechanisms during the first microns of slip then relayed by slip weakening. Note however that the classical RSF effects appear to significantly evolve with cumulative slip d cum in our experiments. The velocity-weakening effect vanishes, on average, when the cumulative slip increases (Figure A2b ), whereas the logarithmic aging during hold time tends, on the contrary, to be reinforced ( Figure A4 ). The persistence of classical RSF effects in pervasively sheared gouge layers thus appears problematic and should be investigated further.
Conclusions
[39] We performed gouge shearing experiments using a novel annular simple shear apparatus. Our setup, as well as a detailed review of our main experimental results, are presented in the companion paper [Chambon et al., 2006a] . In this paper, we attempted to formalize the mechanical behavior of our thick gouge samples through a new friction law, the SRS friction law (Slip, Rate, and State friction law). This law conforms with the general framework of rate-and state-dependent friction. Its main features can be summarized as follows:
[40] 1. Friction evolution is dominated by a significant slip-weakening process which is devoid of any characteristic slip scale. This process is represented by a dedicated state variable which decreases with slip according to a power law.
[41] 2. Slip-weakening coexists with second-order velocity-weakening and time-strengthening effects. These effects are well consistent with classical RSF laws and are thus described by standard Dieterich-Ruina terms. They are associated to a characteristic slip distance d c % 100 mm.
[42] 3. The fracture (or breakdown) energy G c and apparent weakening displacement D c app associated with the slip-weakening process are in good quantitative agreement with those inferred for real faults. Furthermore, owing to its power law character, the slip-weakening process also accounts for the seismological scaling relationships between fracture energy and earthquake size.
[43] Our SRS friction law could thus allow for reconciling the longstanding discrepancy between laboratory and earthquake weakening parameters. More precisely, our results show that neither G c nor D c should be regarded as intrinsic material properties since they both evolve with total slip. We expect that the non linear slipweakening process observed in our experiments may help solving some important seismological issues concerning, for instance, earthquake nucleation or earthquake complexity. However, proper extrapolation of our experimental results to realistic fault conditions will require further work. 
A1. Rate Effects
[44] Figure A1 shows that prescribed velocity changes during a shear phase induce reproducible variations in shear stress. In particular, sudden increases in slip velocity v from 1.67 to 100 mm s À1 trigger sharp decreases in shear stress t ( Figure A1b ), which indicates a velocity-weakening behavior. Yet, velocity-induced variations in shear stress never exceed a few percents, and sometimes hardly emerge from Figure A1 . (a) Evolution of shear stress t during an initial shear phase involving prescribed changes in slip velocity v (confinement s e = 0.5 MPa). (b) Close-up of one portion of the curve. Each small-scale jump in t corresponds to a velocity change. We imposed a periodic succession of four velocity levels whose values are given in the plot (length of each velocity step is 20 mm). the noise level. Velocity weakening thus constitutes a second-order process compared to the major slip-weakening trend. This is particularly evident when both processes are superimposed, like in Figure A1a .
[45] As mentioned by Chambon et al. [2002] , the results of our velocity-stepping experiments appear in good agreement with classical rate-and state-dependent friction (RSF) laws. We recall in particular the two following points. First, as predicted by RSF laws, the evolution of shear stress upon prescribed velocity changes is not instantaneous, but extends over a few hundreds of mm ( Figure A2a) . Second, also consistent with RSF laws, the shear stress t at steady state was found to decrease roughly linearly with the logarithm of velocity v, despite a relatively large variability ( Figure A2b) .
[46] To check further the relevance of classical RSF laws to our velocity-stepping experiments, we attempted to model the shear stress evolution induced by the velocity jump presented in Figure A2a . We used a very simple onedimensional model consisting of a slider governed by a onestate variable Dieterich friction law [e.g., Tullis and Weeks, 1986; Marone et al., 1990; Marone and Kilgore, 1993] . As an evolution law for the state variable, we chose the socalled Ruina's aging law (see section 4) which is supported by numerous experimental studies [e.g., Beeler et al., 1994] . Values of the friction parameters A, B, and d c compatible with our data have been determined by trial and error, with the constraint of keeping B À A % 10 À2 consistently with Figure A2b . Slider models with and without elasticity have been tested, the latter yielding the best results ( Figure A2a ). What however turned out an essential ingredient to account for, is the inertia of the motor. Typically, it takes about 20 s for the velocity to effectively stabilize at its new level after a prescribed increase.
[47] As shown in Figure A2a , Dieterich-Ruina friction law does indeed provide a good fit for our experimental results. Apart from the few damped oscillations which cannot be reproduced without elasticity, the overall shape of the shear stress evolution is well modeled. In particular, the absence of a marked direct effect is satisfactorily reproduced (no immediate friction increase when the velocity is increased). This distinctive property of our data seems essentially due to the inertia of the motor. Looking in detail, one can actually note that a small direct peak is discernible in the simulated curve. This peak hardly emerges from the experimental noise level, and thus does not affect the agreement between the model and the data. However, it is possible that an even better agreement (i.e., a smaller direct effect) could be obtained with more refined models taking into account, for instance, velocity-dependent compaction rates [Beeler and Tullis, 1997] . Figure A2 . (a) Close-up on the evolution of shear stress t (solid curve) (normalized by the constant confining pressure s e ) during one particular velocity increase of the initial shear phase presented in Figure A1 . Modeling result (dashed curve) corresponding to a one-dimensional slider system without elasticity governed by a Dieterich-Ruina friction law with the following RSF parameters: A = 5 Â 10
À3
, B = 1.5 Â 10 À2 , d c = 30 mm. Note that the actual slip resolution of our data is 77 mm [Chambon et al., 2006a] . For the modeling, however, they were interpolated down to a resolution of 10 mm. (b) Plot of the normalized shear stress t/s e at steady state (slip evolution is removed) versus shear velocity v in semilogarithmic scale (reproduced from Figure 2c of Chambon et al. [2002] ). Note that data dispersion tends to increase, and the velocity-weakening trend tends to vanish, when the cumulative slip d cum undergone by the sample increases. The slope of the represented straight line yields an estimate of the RSF parameter A À B % À10 À2 for low values of d cum . Figure A3 . (a) Evolution of shear stress t versus elapsed time t during a slip-hold-slip experiment (initial shear phase of the sample, confinement s e = 0.5 MPa). The gray portions correspond to the prescribed hold periods at zero velocity. Velocity v during the shear periods is 50 mm s À1 . (b) Close-up on one particular hold period lasting 1000 s. The response during the hold itself is also shown. (For illustrating purposes, the hold displayed does not come from the experiment presented in Figure A3a but from another, similar run.)
[48] Because of the limited slip resolution of our data, as well as of experimental noise, we cannot conclude on precise estimates for the RSF constitutive parameters A, B, and d c . Values cited in Figure A2 are only indicative of orders of magnitude, in particular for what concerns the characteristic slip scale d c . Accounting for experimental error bars, we may conclude that this parameter is of the order of 100 mm in our experiments.
A2. Time Effects
[49] Another typical feature predicted by classical RSF laws is a logarithmic aging of sample strength during hold times [Beeler et al., 1994; Marone, 1998b] . In our case, it appears at first glance that shear stress t is completely unaffected by hold periods of various durations intercalated during a shear phase ( Figure A3a ). The major weakening process simply pauses during the zero velocity stages, and then proceeds, without significant restrengthening when shear is resumed. Incidentally, note that the frictional response to plain hold times thus strongly differs from the response to holds accompanied by a prescribed shear stress release [see Chambon et al., 2006a] . Such an observation constitutes a clear evidence that the major weakening process in our results is effectively slip-, and not time-, induced.
[50] In detail, one can nevertheless observe a small influence of the hold periods on sample frictional strength ( Figure A3b) . First, the shear stress notably evolves (it generally relaxes) during the first instants of the hold itself. This behavior is due to the elasticity of both the setup and the sample [Beeler et al., 1994] . Second, and more importantly, we also notice that the restart of shear after a hold period is accompanied by a slight peak in shear stress t ( Figure A3b ). Hold periods thus induce a second-order restrengthening effect which, though never exceeding a few percents of the prehold stress value, can systematically be distinguished from the noise.
[51] When looking at data plotted versus slip, we can note that the typical slip distance required for the posthold stress peak to fade out is of the order of the estimate of d c obtained in section A1, i.e., approximately 100 mm. (The corresponding plot is not presented here. Evaluation of the fading slip directly from Figure A3 is biased due to the inertia of the motor.) Moreover, as shown in Figure A4 , the amplitude of the second-order restrengthening clearly increases with the duration t hold of the imposed hold. For at least two of the displayed experiments, this increase is roughly logarithmic. The effect of hold time on our samples thus appears, at least qualitatively, in good agreement with the predictions of classical RSF laws. Figure A4 . Evolution of the posthold restrengthening amplitude D p t (normalized by confining stress s e ) as a function of hold duration t hold in semilogarithmic scale. The quantity D p t is defined as the difference between the posthold peak stress and the average stress level during the last millimeter of slip preceding the hold (see Figure A3b) . Error bars represent the typical amplitude of the noise affecting our friction measurements. The four data sets correspond to four independent slip-hold-slip experiments. Note that the corresponding curves seemingly steepen as the cumulative slip d cum undergone by the sample before the experiment increases. The slope of the straight line yields an estimate of the RSF parameter B % 3 Â 10 À3 for large values of d cum .
